This paper proposes a parallel coupled microstrip bandpass filter (BPF) with ring Electromagnetic Bandgap (EBG) cells on the middle layer for spurious suppression. The ring EBG cells of the middle layer add a good stopband-rejection mode to the second harmonics of the parallel coupled microstrip BPF with suppression of over −50 dB, without affecting the center frequency and insertion loss of the original designed BPF. The design of ring EBG cells is presented and verified by the experimented results. key words: electromagnetic bandgap (EBG), bandpass filter (BPF), spurious, suppression 
Introduction
Parallel-coupled bandpass filters (BPFs) are more favorable to be used for planar microstrip filters in modern microwave and wireless communication system, due to its weightless, low cost and easy integration. However, spurious response is a well-known problem occurring at the two, three or four times of the fundamental frequency for conventional Parallel-coupled BPFs. It will cause poor harmonic responses as the parallel-coupled filters are used for output components of oscillators and amplifiers. Therefore, how to suppressing the spurious response is also an essential issue on the conventional microstrip filters with halfwavelength or quarter-wavelength. While, the requirements of the high performance filter in the sensitive receiver needs a wider upper stop-band for reducing the interference from out-of-band signals, and therefore a cascaded lowpass filter or bandstop filter may be used to suppress the spurious response at cost of extra insertion loss and size. Recently, the application of electromagnetic bandgap (EBG) structures on microwave filters for rejecting spurious responses has attracted much interest [1] - [4] . In general, EBG structures are periodic cells preventing the propagation of the electromagnetic waves in a specified band of frequency [1] . To achieve broad-stopband characteristics, some microstrip filters have been designed and fabricated using EBG structure [1] - [3] . T. Itoh et at. [1] with the advantages of low loss and moderate impedance [1] . However, most of mentioned PBG structures have holes in the substrate or etched patterns in the ground plane, and therefore the disadvantages of the structures are a package problem and realization of monolithic microwave integrated circuits (MMICs) [2] , [3] . In addition, the EBG structures sometimes affect the center frequency and insertion loss of the original designed filter. 
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In this investigation, a parallel coupled microstrip BPF with simple ring EBG cells on the middle layer is proposed, as shown in Fig. 1 , to avoid the package problem and to achieve the out-of-band suppressions. The design of simple ring EBG cells is presented. Performance of the proposed ring EBG cells is then characterized by using the EM simulations [10] and verified by the experimented results.
Experiment and Results
The proposed bandpass filter is mainly composed of the conventional parallel coupled filter on the top layer, six simple ring EBG cells on the middle layer and the ground plane on the bottom layer, as shown in Fig. 1 . To design the parallel coupled microstrip BPF on top layer, the target characteristics of filter are required. The designed parallel-coupled filter is Chebyshev 2-pole BPF at the center frequency of 2 GHz, an equal-ripple response of 0.5 dB and a 10% bandwidth [5] , [6] . The prototype g-values and the admittance inverters based on target characteristics are derived from conventional filter theory and specified as [7] 
Where ∆ is the fractional bandwidth of the filter, g n is the Chebyshev low-pass prototype values, J n is the admittance inverter constants. The dimensions of the parallelcoupled filter on the two FR4 GD substrates with relative permittivity ε r = 4.4, loss tangent tan δ = 0.0245 and thickness of 0.8 mm. The dimensions of the I/O ports are corresponding to a 50 Ω microstrip line. It is expected that first spurious response will be appeared at the 4 GHz. Figure 2 shows a 50 Ω microstrip line with simple ring EBG cell element on the middle layer. The dimension parameters of the ring EBG cell with inner radius r = 5.3 mm, outer radius R = 6.2 mm and spacing d = 6 mm are designed for having a stop band at 4 GHz. The stopband frequency can be easily determined by the resonate frequency of the simple ring structure with one circumference length. The impedance variation of ring EBG cell will affect the frequency response of designed ring EBG cell on the middle layer. Equivalent circuit of proposed simple ring EBG cell may be analog to a parallel LC resonator, as similar to that of defect ground structure (DGS) [8] , and the circuit parameters of the equivalent circuit can be extracted from the simulation result matched to the one-pole Butterworth-type low-pass response [8] , [9] . The parallel capacitance value for the given ring EBG cell can be extracted from the attenuation pole location frequency f 0 , and 3-dB cutoff frequency f c which is parallel LC resonance frequency, and prototype low-pass filter characteristics, respectively, by using the fol- lowing equations [8] , [9] 
Figure 2(c) shows performance of simple ring EBG cells with different numbers. As the cell numbers increase, the deep attenuation level also increase at 4 GHz. Accuracy of the extracted parameters of a circuit model is checked by comparing the response obtained from the circuit model and also from the EM-Simulator [8] . In which, f c = 3.745 GHz, f 0 = 3.98 GHz and Z 0 is the characteristic impedance of 50 Ω microstrip line on the top layer, therefore, the equivalent circuit has C p = 0.877 pF and L p = 1.823 nH. The extracted C p and L p are also by using circuit simulation compared with EM simulation in frequency response, as shown in Fig. 2(c) . Figure 3 shows simulated frequency response of proposed parallel-coupled BPF with and without ring EBG cells. The dimension of ring EBG cells which is chosen from the above discussion and optimized by the EM simulator IE3D [10] for more rejection. It can be seen that employing the proposed ring EBG cells on the middle layer can well suppress spurious response of 2 f 0 from −15 dB to −50 dB, and the fundamental passband performance is still hold. Measured frequency response of the parallel-coupled BPF with ring EBG cells, characterized in an HP 8510C network analyzer and comparing to the simulated response, is shown in Fig. 4 . Measured frequency response at center frequency f 0 = 2 GHz has maximum return loss of −19 dB, minimum insertion loss of −2.5 dB, 3-dB fractional bandwidth of 12%, the spurious response at 4 GHz (2 f 0 ) with −50 dB. The insertion loss caused form the conductor loss does not increase as the proposed ring EBG cells are constructed on the middle plane. The slight difference of simulated and measured performances is thought that two FR4 board have not pressed and shut closely, causing the air gap to permeate the two FR4 board, and therefore the effective dielectric constant drops and the center frequency rises.
Implications of the above results are now discussed. Out-of-band characteristic of the parallel-coupled BPF with proposed simple EBG structures is superior to that without EBG structures. In addition, the EBG structure may cause errors such as shifting center frequency or degrading the insertion loss of original designed BPF. For example, in Ref. [3] , the center frequency of the BPF adding with the PBG structure was shifted to lower frequency about 15% corresponding to the original designed center frequency. While, the center frequency of our proposed BPF adding with the EBG cells is only 2% shifted higher corresponding to the original designed center frequency. In addition, the package problems of degrading the complete ground plane can be avoided. Therefore the proposed simple ring EBGs are very easy to design and suitable for integrating into the multichip module with lamination (MCM-L) to suppress the spurious response of the passive devices or the suppression of ground bounce noise and radiated emission in high-speed circuits [11] .
Conclusion
A parallel coupled microstrip BPF using ring EBG cells is proposed. The ring EBG cells on the middle layer are designed to avoid the package problem and to achieve the spurious suppressions. It shows that this proposed BPF with ring EBG cells has a superior characteristic in spurious suppression of −50 dB for the same dimensions with conventional parallel-coupled BPFs. Our ring EBG cells on the middle layer that depart from the microstrip line have no significant effect on the original passband response and insertion loss.
